• Comprehensive surveys were performed to determine residential environment factors, such as urban thermal comfort environment, urban air quality, urban wind environment and urban short-term heavy precipitation disasters, at community scale. Also, large-eddy numerical simulations with an urban canopy parameterization scheme were conducted to predict local flow and thermal comfort details of urban buildings with different arrangements, to provide data for the urban climatic environment atlas.
• Based on the urban geographic information and by survey and numerical simulation data, a normalized spatial database was established. These data were then harmonized and developed into a standard by extracting and assimilating multivariate data for urban planning, to provide acceptable environmental quality in urban residential districts. A standard of urban climate environment map and an atlas of climate environment in the typical cities were then compiled to encourage urban environmental adaptation. The standard is to be disseminated for wider application for the urban planning of infrastructures in urban cities of China.
• A re-evaluation of the survey data on residential environment quality in these typical cities was performed with a purpose of alleviating the urban heat island (UHI) effect, to improve the wind environment of urban buildings, so as to engender acceptable thermal comfort and air quality for urban residents. The urban climate environment planning standard was established based on urban climate data for analysis modelling, evaluation and planning. The atlas of planning was compiled for new construction and reconstruction of high-density residential districts in urban cities.
• A comprehensive risk assessment was conducted for these cities under different scenarios. An urban meteorological disaster map was compiled for utilization by local governments to plan and prevent and minimize urban meteorological disasters.
Some aspects of the project's outstanding achievements were peer-reviewed, and some were selected and 1 developed into journal papers for dissemination in a special issue entitled, 'Urban Development and Climate Mapping in China'.
Rapid urbanization and urban climate change in China
Cities are the aggregation centres of human beings. Worldwide, the rapid urbanization process has increased the ratio of global urban area to the total land area from 0.23% in 1992 to 0.53% in 2013. 1 Currently, 55% of the world's population lives in cities, with an expected increase to 68% by 2050, and nearly 90% of the new urban population will live in Asia and Africa, with three developing countries, namely India, China and Nigeria, accounting for 35% of the expected increase. 2 Benefiting from a sustained and rapid development of its economy, the rapid urbanization process in China has become more prominent. The urbanization rate has increased from 17.92% in 1978 to 58.5% in 2017 3 and is expected to reach more than 76.0% in 2050. 4 This rapid urbanization process has led to a sharp increase in urban population, resource consumption and emissions, and a fundamental change in the urban boundary layer. In addition, buildings have become increasingly taller and denser, thus changing the urban climate and bringing considerable adverse effects on the sustainable development of cities. 5 Rapid urbanization has significantly altered the energy balance in cities and affected the urban thermal environment. As a result, the UHI effect is intensifying, due to the increase of energy consumption and urban heat emission density. [6] [7] [8] Yang et al. 9 conducted a systematic study on the UHI effect in 302 different cities in China. The results showed that the spatial extent of surface UHI of the cities has been increasing at a rate of 5.0% per year and 3.8% per year in annual days and annual nights, respectively, from 2003 to 2016. Higher temperatures in cities have caused a median increase of 19% in energy demand for air conditioning systems in buildings, triggering higher emissions of CO 2 and contributing further to greenhouse effect; and thus pose a threat to human wellbeing. 10 When the average outdoor temperature is higher than the proper temperature of 16.5 C, the death rate among the elderly population 65 years of age increases by 2.72% for every 1 C rise in temperature.
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The rapid urbanization process and human production activities have increased urban pollution emissions. 12 At the same time, high-rise buildings with high density layout have changed the urban canopy structure and reduced the diffusion rate of pollution, resulting in long-term exceedances in atmospheric pollutants concentration. 12, 13 Air quality in the urban area is relatively worse than that in the rural area (see Figure 1 ). Ye et al.
14 studied the distribution characteristics of PM 2.5 concentration in 338 cities in China; the results showed that the annual average PM 2.5 concentration in 235 cities exceeded the national ambient air quality standard limit (35 lg/m 3 ). 15 Wang and Zhang 16 showed that changes in urban expansion (i.e. population expansion, economic expansion and area expansion) and changes in urban spatial characteristics (i.e. population density, urban spatial compactness, impervious coverage, vegetation coverage and night light index) are significantly related to PM 2.5 pollution, in particular, the contribution rate of changes in urban spatial characteristics is the highest, reaching 55%. Global climate change and the continuous increase of impervious surfaces have led to the frequent occurrence of meteorological disasters, such as flooding after urban storms and continuous heavy rainfall. According to the statistics of the United Nations Development Agency, by combining the number of people affected by disasters, the number of deaths and the economic losses, flooding caused by torrential rain has become the first or second natural disaster in the world. 17 China is one of the most seriously affected countries by floods at the global level. According to statistics of the Ministry of Housing and UrbanRural Development, 62% of 351 Chinese cities have experienced urban storm disasters and flooding. 18 These issues caused by rapid urbanization and the deterioration of urban climate have caused great adverse effects on both urban economic development and residential environment. More than one out of seven people in China are affected by disastrous meteorological events, air pollution and UHI. 19 This has posed severe challenges to the efficient management and operation, as well as to the scientific planning of cities.
Urban planning and urban climate map
Faced with great pressures coming from climate change and resource consumption, China is now actively advancing national policies on climate change mitigation and adaption. The state council has approved the 'China's National Plan on Climate Change (2014-2020)' 20 in 2014, with the goal of reducing CO 2 emissions per unit GDP by up to 45% by 2020, limiting the energy-and emission-intensive industries, promoting the utilization of new energy sources and improving adaptation to climate change. The keywords of UHI, climate-related disaster, air pollution, building design, urban planning and urban greenery were all included in the plan. The population and economic aggregates of cities in China account for the vast majority of the national total. Therefore, the adaptation to urban climate change plays a critical role in implementing the national plan. However, the main aspects considered by the traditional urban planning, such as the spatial layout of urban functions, the land spatial structure, the layout of road traffic and the impact of urbanization process on local climate environment, are usually seldom included. Hence, there is a need to bridge the gap between urban climate and urban planning, and transfer climate-related knowledge into planning languages. 21, 22 The urban climate map, which is an information and evaluation tool to integrate urban climatic factors and urban planning, has received extensive attention and has been applied to planning practices. [22] [23] [24] The urban climate map consists of a urban climatic analysis map and an urban climatic planning recommendation map to provide guidance for urban planning, to improve the residential environment, as well as to support governments at all levels and all sectors of society in making decisions to improve the urban capacity to cope with meteorological disasters. The basic data on urban climate (air temperature and humidity, wind velocity and direction, precipitation, air pollution, etc.), and on the geographic terrain and planning (land use, landscape and building information map) are necessary for our understanding of the impact of urban development and climate change on local residential environment. Especially we need to collect data of medium and small scale, for us to determine the key factors to build an urban climate map and apply it to local planning practice.
China is currently still a developing country, with a weak ability to cope with climate change. The incorporation of urban climate considerations into urban planning by surveys of urban climate data and compilation of an urban environment climate map were implemented in our project, 'Comprehensive Survey of Residential Environment Quality in Typical Cities in China and Compilation of an Atlas of Urban Climate', which would be favourable and effective action for mitigation of current urban climate issues and contributing to realizing a healthy and sustainable development of the urban residential environment.
The following subjects are included in the special issue:
• Development of a human settlement evaluation index and climate mapping of China. Cities of Xi'an and Wuhan were studied as case studies for the development of a human settlement evaluation index and climate mapping of China. The study included an evaluation of the dynamic change process and the driving force for the rapid urbanization. The role of land terrain, government policies and geometrical location in the changes of land use and urbanization have been studied. The level of human settlement is closely related to the resource carrying capacity, natural environment and social economy of the city. A novel human settlement evaluation index was developed to quantitatively analyse the urban human settlements and associated influential factors of the resource carrying capacity, natural environment and social economy. Through this index, the liveable level of cities can be quantitatively evaluated to assess the sustainable development (social, economic and environmental credits) of the city's urban and industrial developments. Climate mapping was developed to map the effect of climate change for urban planning.
• Survey and simulation modelling of urban thermal environment. The air temperature is a key indicator for evaluating urban thermal environment; a monitoring of temperature for 20 locations in Xi'an and relationships between environmental temperature and urban spatial form factors (volume ratio, greening rate and sky view factors) were established to develop guidelines for cooling planning of residential areas in urban districts. Detailed microclimate characteristics of urban districts can have an important role for the improvement and upgrading of these districts. Numerical simulations of various residential districts in the city of Luoyang were conducted by using Envi-Met. The modelling showed that the building density, greening and water surface and pavement surfaces could pose important impacts on microclimate characteristics of the local environment. The correlations between the microclimate characteristics of residential areas and designed elements should provide a basis for environmental improvement of built-up areas.
• Normalizing the measured data from different sources. A novel method for normalizing environment data measured at portable/mobile stations with respect to those measured at stationary reference station has been developed.
• A study on atmospheric pollution and urban air quality. The study of characterization of urban air pollution and emissions in urban area can contribute towards urban air quality management strategies to provide guidance for urban planning. 25 The morphological and elemental composition of individual particles in different micro-environment and characteristics and sources of atmospheric ozone in Xi'an were investigated. The study should contribute to urban management of air quality to reduce pollution risks and enhance living quality of residents.
• A study of heavy rain precipitation and water-logging disaster in urban area. The overall spatial distributions of water-logging disaster in Xi'an were systematically investigated based on the hourly precipitation at 23 meteorological observatory stations and waterlogging information from 2009 to 2015. A guideline directive for the mitigation of water-logging disasters by urban planning has been provided.
